this phenotype shift is the attenuated production of reactive oxygen species (ROS), known as the oxidative burst, upon phagocytosis of pathogens or stimulation with phorbol esters ( 3, 4 ) . Mechanistically, inhibition of the oxidative burst by apoptotic cells was suggested to involve peroxisome proliferator-activated receptor (PPAR) ␥ , which prevented translocation of protein kinase C ␣ to the membrane ( 3 ) . A reduced ROS-producing capacity of macrophages is accompanied by attenuated NO production via enhanced arginase II expression ( 5 ) and a switch from pro-to antiinfl ammatory cytokine production (6) (7) (8) . These responses are supposed to suppress infl ammation following the contact with apoptotic cells.
Cell death accompanies atherosclerosis at all stages of disease progression but is particularly pronounced in advanced plaques ( 9 ) . These plaques are characterized by the formation of a necrotic core, which is mainly composed of free cholesterol and material derived from dying macrophages and smooth muscle cells. The size of the necrotic core correlates with plaque instability and the risk of plaque rupture ( 10 ) . Defects in apoptotic cell clearance by phagocytes are now recognized as a fundamental process in the formation of the necrotic core ( 9, 11 ) . Among the factors attenuating phagocytosis in atherosclerotic plaques, oxidized LDL (oxLDL) has gained considerable importance. Several mechanisms may account for the detrimental effects of oxLDL on apoptotic cell clearance. Specifi cally, oxLDL interferes with the recognition of apoptotic cells by competing with epitopes on apoptotic cells for the interaction with the CD36 receptor on macrophages (12) (13) (14) (15) (16) . Alternatively, oxLDL induces oxidative stress, and oxidative stress may avert phagocytosis of apoptotic cells ( 17 ) . In adAbstract Macrophages ingesting apoptotic cells attenuate infl ammatory responses, such as reactive oxygen species (ROS) generation. In atherosclerosis, ongoing infl ammation and accumulation of apoptotic/necrotic material are observed, suggesting defects of phagocytes in recognizing or responding to dying cells. Modifi ed lipoproteins such as oxidized LDL (oxLDL) are known to promote infl ammation and to interfere with apoptotic cell clearance. Here, we studied the impact of cells exposed to oxLDL on their ability to interfere with the oxidative burst in phagocytes. In contrast to apoptotic cells, cells dying in response to or in the presence of oxLDL failed to suppress ROS generation despite effi ciently being taken up by phagocytes. In addition, apoptotic cells, but not oxLDL-treated cells, inhibited phosphorylation of extracellular signal-regulated kinase, which is important for NADPH oxidase activation. oxLDL treatment did not interfere with activation of the antiinfl ammatory transcriptional regulator peroxisome proliferatoractivated receptor ␥ by apoptotic cells. Moreover, cells exposed to oxLDL failed to suppress lipopolysaccharide-induced proinfl ammatory cytokine expression, whereas apoptotic cells attenuated these phagocyte responses. Thus, the presence of oxLDL during cell death impaired the ability of apoptotic cells to act antiinfl ammatory with regard to oxidative burst inhibition and cytokine expression in phagocytes. - An immunologically silent removal of dying cells by professional phagocytes and bystander cells is a prominent feature of programmed cell death. Phagocytes ingesting apoptotic material show diminished infl ammatory responses toward pathogen stimulation, thus displaying a desensitized phenotype ( 1, 2 ) . A major characteristic of sporine for 36 h. For oxLDL-induced cell death, Jurkat and THP-1 cells were treated for 8 h with 25 µg/ml and 75 µg/ml oxLDL, respectively. Coincubation of oxLDL and staurosporine was carried out for 3 h. In all cases, cells were washed two times in serum-free medium prior to their exposure to macrophages.
Apoptosis analysis
Apoptotic cells were analyzed by fl ow cytometry (FACS Canto, BD Biosciences, Heidelberg, Germany) using the Annexin V-FITC apoptosis detection kit (Beckman Coulter, Krefeld, Germany) according to the manufacturer's instructions. Caspase-3/7 activity was quantifi ed as described previously ( 19 ) .
Oxidative burst
Superoxide production by RAW264.7 cells was analyzed by fl ow cytometry measuring hydroethidine (HE) oxidation as described ( 3 ). Briefl y, cells were plated on 3 cm dishes at 1.5 × 10 5 cells/dish 24 h before the experiment. Human macrophages were plated at 2 × 10 5 /well in 24-well plates. Following their preincubation with apoptotic cells at a ratio of 1:5 (macrophages:AC), macrophages were washed two times with PBS and subsequently resuspended in PBS and treated for 20 min with 1 µM phorbol 12-myristate 13-acetate (PMA). Thereafter, 2 µM HE was added and incubations continued for 20 min before analysis. Macrophages were gated according to their forward scatter/side scatter characteristics. Data from 10,000 gated cells were collected. Quantitative analysis was performed using PE median fl uorescence intensities. Data were normalized to median fl uorescence intensity values of PMA-treated cells.
Phagocytosis
Phagocytosis of apoptotic cells by human primary macrophages was assessed by fl uorescent microscopy. Jurkat cells were labeled with 0.5 µM 5-chloromethylfl uorescein diacetate (CMF-DA, Invitrogen, Karlsruhe, Germany) before apoptosis induction. Apoptotic cells were washed two times and incubated with macrophages prelabeled for 30 min with 5 µM CellTracker Orange CMRA (Invitrogen) at a ratio of 1:5 (macrophages:AC). Following 1 h incubations, macrophages were washed three times with PBS and analyzed by microscopy. At least 300 macrophages were counted and the data are expressed as phagocytic index, i.e., percentage of macrophages engulfi ng one or more apoptotic bodies multiplied by the number of engulfed particles per macrophage. Phagocytosis of apoptotic cells by RAW264.7 macrophages was performed according to Schrijvers et al. ( 20 ) with minor modifications. Jurkat cells were labeled with 0.5 µM CMF-DA before apoptosis induction. Apoptotic cells were washed two times and incubated with RAW264.7 cells preincubated for 30 min with 5 µM CellTracker Orange CMRA. Following 1 h incubations, macrophages were washed three times in PBS and analyzed by fl ow cytometry. Red fl uorescent macrophages were measured in the PE channel and green fl uorescent apoptotic cells in the FITC channel. Phagocytosis was quantifi ed as the increase of median FITC fl uorescence intensity of the macrophage-gated population, which excluded adherent apoptotic cells.
Western blotting
2 × 10 6 RAW264.7 cells were incubated with 10 × 10 6 apoptotic or oxLDL-treated Jurkat cells followed by stimulation with 100 nM PMA for 5 min. Then 80 µg of cell lysates were resolved by SDS-polyacrylamide gel electrophoresis. Proteins were blotted onto nitrocellulose. Membranes were incubated overnight with mouse anti-phospho-extracellular signal-regulated kinase (ERK) and rabbit anti-ERK antibodies (#9106 and #4695, Cell Signaling Technology, Danvers, MA), washed three times with Tris-buffdition, oxLDL-derived material may be trapped in macrophage lysosome structures following oxLDL uptake ( 11 ) . This may cause lysosomal dysfunction and account for impaired phagocytosis in atherosclerosis ( 17 ) .
Although the nature of cell death may affect phagocytosis of dying cells, little is known about phagocytosis of cells dying in response to oxLDL. Similarly, the impact of ox-LDL-treated cells on macrophage desensitization remains unclear. It was reported that recognition of murine macrophages undergoing apoptosis in response to oxLDL is normal and suppresses proinfl ammatory cytokine production, while the uptake of macrophages dying after free cholesterol overload provokes a proinfl ammatory phagocyte phenotype ( 18 ) .
We compared the oxidative burst in phagocytes following their interaction with apoptotic cells generated by the treatment with staurosporine versus cells dying in response to or in the presence of oxLDL. We observed that oxLDLtreated cells were incapable of blocking the oxidative burst, although their uptake by phagocytosis was normal. Cells exposed to oxLDL retained their ability to activate PPAR ␥ in macrophages but ineffi ciently suppressed proinfl ammatory cytokine formation. Taken together, these data indicate that proinfl ammatory signals dominate the phenotype shift in macrophages upon contact with cells dying in response to oxLDL.
MATERIALS AND METHODS

Cell culture
The mouse macrophage cell line RAW264.7, human THP-1 monocytic cells, and Jurkat T-cells were maintained in RPMI 1640 containing 100 U/ml penicillin, 100 µg/ml streptomycin, and 10% heat-inactivated fetal calf serum. Human peripheral blood mononuclear cells were isolated from buffy coats using Ficoll density centrifugation and plated in serum-free medium for 1 h followed by washing of nonadherent cells. Monocytes were then differentiated into macrophages with RPMI 1640 containing 10% AB-positive human serum (PAA Laboratories) for 7 days. The investigation conforms to the principles outlined in the Declaration of Helsinki.
LDL isolation and treatment
Human LDL ( d = 1.02-1.06 g/ml) was isolated from plasma of healthy volunteers (DRK-Blutspendedienst Baden-Württemberg-Hessen, Institut für Transfusionsmedizin und Immunhämatolo-gie Frankfurt am Main, Frankfurt, Germany) by sequential ultracentrifugation. oxLDL was prepared by incubating LDL with 5 µM CuSO 4 at room temperature for 24 h followed by dialysis against PBS with 100 µM EDTA. Oxidation was monitored by measuring relative electrophoretic mobility of LDL and oxLDL in agarose gels (relative electrophoretic mobility of 3-4) and by spectrophotometric detection of thiobarbituric acid reactive substances (6-8 nmol/mg). Endotoxin content of the preparations was <1 ng/mg oxLDL (Pyrotell assay, Associates of Cape Cod, Falmouth, MA).
forward: 5 ′ -TCC AAA GAT TCA GGT TTA CTC A-3 ′ , ␤ -microglobulin reverse: 5 ′ -ATA TTA AAA AGC AAG CAA CGA G-3 ′ . For determination of human TNF ␣ and MCP-1 mRNA levels, we used QuantiTect ® Primer assays (Qiagen, Hilden, Germany). Values were normalized to 16S ribosomal protein (mouse) or ␤ -microglobulin (human) expression.
Statistical analysis
Data are presented as mean ± SE. Data were analyzed by oneway ANOVA test with Bonferroni post hoc means comparison using OriginPro 7.5 (OriginLab Northampton, MA). Differences were considered statistically signifi cant for P < 0.05.
RESULTS
Impact of oxLDL-exposed cells on the oxidative burst in phagocytes
We monitored oxLDL-induced cell death in THP-1 monocytes and Jurkat T-lymphoma cells by fl ow cytometry following Annexin V/propidium iodide staining ( Table 1 ) . Both apoptosis and necrosis were observed. While apoptosis reached a maximum at 8 h, necrosis gradually increased thereafter ( Supplementary Fig. I ). Jurkat cells were more sensitive toward oxLDL-induced toxicity compared with THP-1 cells. To achieve a similar extent of cell death, i.e., apoptosis plus necrosis, we incubated Jurkat with 25 µg/ml and THP-1 cells with 75 µg/ml oxLDL, respectively. In addition, oxLDL-induced cell death was accompanied by caspase activation ( Table 1 ). For comparison, we used staurosporine to initiate cell death. Incubations with staurosporine for 3 h provoked an exclusive apoptotic mode of cell death. Prolonged exposures to staurosporine initiated secondary necrosis as well ( Table 1 ) .
In a second step, we compared the ability of apoptotic, secondary necrotic, and oxLDL-treated THP-1 cells to modulate the oxidative burst in RAW264.7 macrophages ( Fig. 1 ). As shown in Fig. 1A , preincubation of RAW264.7 macrophages with apoptotic THP-1 cells suppressed PMAinduced superoxide generation. Secondary necrotic ered solution containing 0.1% Tween 20, incubated 1 h with a mixture of IRDye680-coupled anti-rabbit and IRDye800CW-coupled anti-mouse antibodies (LI-COR Biosciences, Bad Homburg, Germany), washed four times with Tris-buffered solution containing 0.1% Tween 20, and developed and quantifi ed using Odyssey infrared imaging system (LI-COR Biosciences, Bad Homburg, Germany). Fluorescence intensities of phospho-ERK bands were normalized to total ERK and expressed as fold of PMA-treated cells.
Luciferase reporter assays 10 6 RAW264.7 cells were seeded on 6 cm dishes. For PPAR response element (PPRE) reporter assays cells were transfected using JetPEI transfection reagent (PolyPlus Transfection) with 4.75 µg p(ACOx) 3 -TK-luc coding for luciferase under the control of acyl-CoA oxidase PPRE (provided by Christopher Glass, University of California, San Diego) and 0.25 µg pRL-CMV to normalize for transfection effi ciency. At 6 h posttransfection, the medium was changed and cells were seeded at 200,000 per well in a 12-well plate. On the next day, cells were treated with 2 × 10 6 apoptotic cells for 15 h prior to analysis of fi refl y and Renilla luciferase activities (dual luciferase reporter assay system, Promega).
Quantitative PCR
A total of 10 6 macrophages were cultured on 6 cm dishes. Cells were treated for 90 min with 10 × 10 6 apoptotic Jurkat cells generated in the absence or presence of 25 µg/ml oxLDL followed by stimulation with 1 µg/ml LPS for 3 h. Total RNA was isolated using PeqGold RNAPure kit (PeqLab, Erlangen, Germany). Reverse transcription was done with 1 µg of RNA using iScript™ cDNA Synthesis kit (BioRad, Munich, Germany). Quantitative PCR was performed with Absolute QPCR SYBRGreen Fluorescein mix (Abgene, Hamburg, Germany) using MyiQ iCycler system from BioRad. 
generated in response to staurosporine suppressed the oxidative burst even when added at a 1:4 ratio with viable cells (Supplementary Fig. II) . This excludes the possibility that simply reducing the amount of apoptotic cells after oxLDL treatment is responsible for their inability to attenuate the oxidative burst.
The failure of oxLDL-treated cells to attenuate phagocyte ROS generation suggests that oxLDL may inhibit pathways in apoptotic cells, which reduce the oxidative burst upon their phagocytosis. To examine whether ox-LDL affects the ability of apoptotic cells to lower PMAinduced ROS formation, we exposed cells to staurosporine in the presence or absence of oxLDL. Cotreatment with oxLDL shifted cell death toward necrosis while retaining caspase activity ( Table 1 ) . In contrast to preincubations with apoptotic THP-1 cells, cells treated with the combination of staurosporine plus oxLDL failed to inhibit the oxidative burst ( Fig. 1A ) . However, cells cotreated with staurosporine and unmodifi ed LDL still suppressed ROS generation ( Supplementary Fig. II) . Thus, oxLDL apparently suppressed changes in apoptotic cells that interfered with superoxide generation in phagocytes. The observations made with apoptotic/necrotic THP-1 cells could be reproduced with Jurkat T-cells. As shown in Fig. 1B , apoptotic Jurkat cells suppressed superoxide generation in RAW264.7 macrophages. Treatment of Jurkat cells with oxLDL alone or together with staurosporine reversed their oxidative burst-suppressing properties. Interestingly, adding oxLDL at concentrations that prevent apoptotic cell phagocytosis ( 12, 13 ) directly during coincubations of RAW264.7 macrophages with apoptotic cells left the inhibition of ROS formation intact. We then extended observations made in mouse macrophages to human primary macrophages ( Fig. 1C ) . Preincubating human macrophages with apoptotic THP-1 cells decreased PMA-stimulated superoxide generation to levels observed in untreated cells. In contrast, when human macrophages were preincubated with cells cotreated with staurosporine and oxLDL, ROS formation was no longer suppressed, confi rming results obtained in the murine system.
oxLDL-treated cells are phagocytized normally and activate PPAR ␥
Phagocytosis of apoptotic cells is important in shaping macrophage responses toward dying cells. Although oxLDL inhibited phagocytosis of apoptotic material when added simultaneously with apoptotic cells, the ability of macrophages to ingest apoptotic cells generated by oxLDL treatment remained intact ( 18 ) . To examine whether the effect of oxLDL on ROS formation refl ects differences in phagocytosis, we generated apoptotic cells in the presence or absence of oxLDL and studied their uptake by human primary macrophages. As shown in Fig. 2 , we observed no signifi cant changes in the uptake of apoptotic Jurkat cells exposed to oxLDL during cell death induction. Similarly, there was no difference in phagocytosis of apoptotic cells THP-1 cells also signifi cantly attenuated ROS formation. This observation indicates that plasma membrane integrity during cell demise is not a prerequisite for attenuating superoxide generation. Interestingly, cells dying in response to oxLDL did not interfere with the oxidative burst Fig. 1 . oxLDL interferes with the ability of apoptotic cells to block ROS formation. A: RAW264.7 macrophages were incubated with apoptotic THP-1 cells generated in the absence (AC THP) or presence (oxLDL-AC THP) of 75 µg/ml oxLDL as well as with secondary necrotic cells (SN THP) or cells exposed to oxLDL alone (oxLDL THP) for 1 h prior to stimulation with 1 µM PMA. B: Jurkat cells were treated with staurosporine in the absence (AC Jurkat) or presence (oxLDL-AC Jurkat) of 25 µg/ml oxLDL or with oxLDL alone (oxLDL Jurkat). RAW264.7 macrophages were incubated with different AC alone or in combination with 100 µg/ml oxLDL for 1 h prior to stimulating ROS production with 1 µM PMA. C: Human primary macrophages were incubated with apoptotic THP-1 cells, generated in the absence (AC) or presence (ox-LDL-AC) of 75 µg/ml oxLDL for 1 h prior to stimulating ROS formation with 1 µM PMA. Superoxide generation was analyzed by staining with 2 µM HE and fl ow cytometry. *, P < 0.05 vs. PMA; #, P < 0.05 vs. AC (n = 5). in PPAR ␥ activation may account for defective inhibition of ROS production by oxLDL-exposed apoptotic cells.
Cells exposed to oxLDL do not suppress PMA-induced ERK activation
Mitogen-activated protein kinases ERK and p38 modulate the phagocyte oxidative burst ( 21, 22 ) . Moreover, apoptotic cells may affect activation of these kinases ( 23, 24 ) . Thus, we tested whether apoptotic and oxLDL-treated cells differentially regulate ERK and p38 phosphorylation in RAW264.7 cells after PMA stimulation using phosphospecifi c antibodies. As seen in Fig. 4A , PMA caused robust obtained in the presence or absence of oxLDL by RAW264.7 macrophages (Supplementary Fig. III) . Thus, the failure of oxLDL-treated apoptotic cells to attenuate ROS formation is not caused by impaired uptake by phagocytes.
Previous observations suggested an important role of PPAR ␥ in suppressing the oxidative burst by apoptotic cells ( 3 ) . Therefore, we examined whether the presence of oxLDL during apoptosis modulates the ability of apoptotic material to activate PPAR ␥ by using a PPAR luciferase reporter assay. Figure 3 shows that apoptotic Jurkat cells caused robust PPAR reporter activation in RAW264.7 macrophages. There were no differences in the reporter response when apoptotic cells were generated in the presence of oxLDL. Similar results were obtained with apoptotic THP-1 cells. These observations exclude that differences 
Phagocytosis of oxLDL-treated cells does not suppress phagocyte cytokine production
To obtain more information how apoptotic cells versus cells dying in response to oxLDL might affect the balance between pro-and antiinfl ammatory signals, we analyzed LPS-induced proinfl ammatory cytokine expression in RAW264.7 and human primary macrophages. Apoptotic cells attenuated mRNA expression of MCP-1, TNF ␣ , and IL-6 in response to LPS in RAW264.7 cells ( Fig. 6A ). This inhibition was absent (TNF ␣ and IL-6) or only slightly visible (MCP-1) when apoptotic cells were generated in the presence of oxLDL. In human macrophages, expression of MCP-1 mRNA by LPS was suppressed by apoptotic cells generated in the absence, but not in the presence, of ox-LDL ( Fig. 6B , AC vs. oxLDL-AC) . When macrophages were exposed to Jurkat cells treated with oxLDL (oxLDL Jurkat), MCP-1 mRNA induction was enhanced compared with cells treated with LPS alone. In addition, the exposure of macrophages to oxLDL Jurkat cells did not affect TNF ␣ mRNA induction by LPS, while exposure to apoptotic cells signifi cantly suppressed it. Thus, cells dying in stimulation of ERK phosphorylation. Preincubation with apoptotic Jurkat cells reduced PMA-induced ERK phosphorylation. This reduction was signifi cantly lower when macrophages were preincubated with oxLDL-treated cells ( Fig. 4B shows quantifi cation of ERK phosphorylation). p38 was not phosphorylated after PMA treatment.
Inhibition of ROS formation by apoptotic cells is independent of phosphatidylserine exposure
Considering the importance of phosphatidylserine (PS) exposure on apoptotic cells and the relevance of PS oxidation for the interaction with phagocytes ( 16 ), we questioned whether externalization of PS might affect ROS formation. Experimentally, we treated THP-1 cells with staurosporine in the presence or absence of oligomycin. Oligomycin lowers PS exposure, while leaving caspase-3/7 activation intact ( 25 ) . As expected, staurosporine-induced PS externalization was reduced in the presence of oligomycin from 83.3 ± 1.2% to 26.1 ± 7.4%, while caspase-3 activity remained comparable to values observed in staurosporine-exposed cells (20,470 ± 2,800 units in staurosporine-treated cells vs. 21,800 ± 250 units in staurosporine plus oligomycin-treated THP-1). Exposing staurosporine versus staurosporine plus oligomycin-treated apoptotic cells to RAW264.7 macrophages revealed a more potent inhibition of the oxidative burst by oligomycin-treated cells ( Fig. 5 ) . Therefore, inhibition of ROS formation in macrophages does not require PS exposure on the surface of apoptotic cells. Moreover, oxidative events at the surface of phagocytes and/or apoptotic cells may interfere with apoptotic cell recognition by phagocytes ( 17 ) . Toward this possibility, treatment of apoptotic cells with 1 mM of the oxidative, i.e., peroxynitrite-generating, compound SIN-1 did not affect their ability to block the phagocyte oxidative burst (Supplementary Fig. IV ). This suggests that oxLDL is unlikely to act via a simple oxidative process in reversing the ability of apoptotic cells to block the oxidative burst in macrophages. THP-1 cells were treated for 3 h with 0.5 µg/ml staurosporine (STS) with or without 10 µg/ml oligomycin. RAW264.7 cells were incubated with apoptotic THP-1 cells (AC), generated in the absence or presence of oligomycin, for 1 h prior to stimulation of the oxidative burst. *, P < 0.001 versus PMA; #, P < 0.05 versus AC (n = 4). response to or in the presence of oxLDL did not share the ability of apoptotic cells to lower infl ammatory cytokine production after LPS treatment. This suggests that oxLDLinduced cell death may contribute to a proinfl ammatory microenvironment in the atherosclerotic plaque.
DISCUSSION
Advanced atherosclerosis is characterized by a defective apoptotic cell clearance ( 9, 11 ) . It was suggested that oxLDL attenuates phagocytosis of apoptotic material, thus provoking accumulation of cells progressing toward secondary necrosis and necrotic core formation in the advanced plaques. It is also established that oxLDL induces death of vascular cells ( 26 ) . What remains unknown is how oxLDL affects properties of dying cells regarding their phagocytic recognition and their ability to balance pro-vs. antiinfl ammatory signals in phagocytes. We show that cells dying in the presence of oxLDL are defective in suppressing NADPH oxidase activation and concomitant ROS formation. Blocking the phagocyte oxidative burst appears to be an essential component of the antiinfl ammatory program elicited by apoptotic cells ( 3, 4 ) . Thus, the failure of oxLDL-treated cells to inhibit NADPH oxidase activity may support a continuing infl ammatory process in the lesion during advanced atherosclerosis.
oxLDL-induced cell death reveals characteristics of both apoptosis and necrosis, depending on the cell type and the concentration of oxLDL. In mouse peritoneal macrophages, oxLDL initiates an apoptotic program ( 18, 27, 28 ) , while human macrophages die by necrosis ( 29 ) . Moreover, pro-survival effects of oxLDL were also observed, with the notion that the degree of LDL oxidation appears important in balancing pro-versus antiapoptotic responses ( 19, 28 ) . Under the conditions used here, oxLDL induced a mixed type of cell death based on PS exposure, plasma membrane permeabilization, or caspase-3 activation. Increased plasma membrane permeability in oxLDL-treated cells indicated a switch to necrosis. There are indications that both necrotic and apoptotic cells are phagocytized and irrespective of the mode of cell death may elicit antiinfl ammatory responses ( 30, 31 ) . However, other studies point to fundamental differences between apoptotic and necrotic cells in polarizing macrophages ( 24, 32 ) , including their ability to inhibit the oxidative burst ( 3 ). Some of the reported discrepancies are likely to result from differences in generating necrotic cells, e.g., necrosis induced by ATP depletion ( 30 ) as opposed to freeze-thawing or heating ( 3, 24, 32 ) . Based on our observations with secondary necrotic cells, it appears unlikely that membrane permeabilization observed in cells treated in the presence of oxLDL would per se determine burst inhibition. Although necrotic cells may release a number of soluble proinfl ammatory factors such as proteases or HMGB1 ( 33, 34 ) , our procedure to generate apoptotic cells includes several washing steps, which would eliminate soluble factors. As oxLDL-treated cells also retained caspase activity, the differences in affecting ROS generation elicited by cells dying in the presence or absence of oxLDL appear to be unrelated to caspase activity. We also noticed that ox-LDL had to be continuously present during the time course of cell death induction to reverse burst inhibition. A 10 min exposure of staurosporine-treated cells to oxLDL followed by its washout did not interfere with inhibition of macrophage ROS production by apoptotic cells (data not shown).
The uptake of apoptotic cells may affect macrophage polarization. During atherosclerosis, oxLDL was reported to prevent phagocytosis of apoptotic cells by macrophages ( 13, 15, 17 ) , probably by competing for common phagocyte recognition receptors ( 15, 16 ) . In contrast, we observed that the presence of oxLDL during apoptosis does not interfere with the uptake of apoptotic material by macrophages, corroborating a previous report demonstrating normal uptake of oxLDL-treated cells by mouse peritoneal macrophages ( 18 ) . Our data showing that oxLDL, coincubated with apoptotic cells, does not prevent inhibition of the oxidative burst concurs with previous results indicating that the ability to impair NADPH oxidase is unrelated to the uptake of apoptotic cells ( 3 ) .
Phosphorylation events regulate NADPH oxidase assembly and activity ( 35 ) . In this regard, MAP kinase ERK was reported to phosphorylate and activate the cytosolic NADPH oxidase components p47phox and p67phox ( 21, 22 ) . As we observed inhibition of PMA-induced ERK phosphorylation by apoptotic cells, but not by oxLDL-treated cells, these differences may explain altered ROS formation. Further studies are needed to elucidate the mechanism whereby apoptotic cells attenuate ERK and thus to explain the divergent effects of apoptotic versus oxLDLtreated cells.
PS exposure on the surface of apoptotic cells was reported to suppress phagocyte infl ammatory responses, including ROS generation ( 4 ). In addition, PS oxidation affects the interaction of apoptotic cells with phagocyte recognition receptors ( 16 ) , and oxLDL may infl uence the degree of PS oxidation on the surface of apoptotic cells. Using oligomycin-treated apoptotic cells showing reduced PS exposure, we noticed that the ability of apoptotic cells to attenuate ROS formation was unrelated to PS externalization during apoptosis. Thus, although PS enrichment in the outer leafl et of the plasma membrane may provide an inhibitory signal for ROS production ( 4 ), the degree of PS exposure may not explain discrepancies in NADPH oxidase inhibition by apoptotic versus oxLDL-treated cells.
Analysis of proinfl ammatory cytokine expression showed a reduced ability of oxLDL-treated cells to block induction of proinfl ammatory cytokines in both murine and human macrophages. These results strengthen the conclusion on a proinfl ammatory character of oxLDL-induced cell death. Surprisingly, the diminished inhibitory effect of oxLDLexposed cells on macrophage cytokine expression is not paralleled by changes in PPAR ␥ reporter activation. Previously, we showed an important role of PPAR ␥ in macrophage polarization in response to apoptotic cells regarding both oxidative burst and cytokine production ( 3, 36 ) . These discrepancies may refl ect different mechaby guest, on August 28, 2017 www.jlr.org Downloaded from nisms governing PPAR ␥ activation and suppression of gene expression or suggest PPAR ␥ -independent pathways accounting for a proinfl ammatory character of oxLDLtreated cells.
Although excluding a number of possibilities to explain why apoptotic cells generated in the presence of oxLDL failed to block ROS formation compared with classically induced apoptotic cells, our observations might be of medical importance. Considering that oxLDL is a major cell death inducer in atherosclerosis, our fi ndings support the notion that macrophages in the atherosclerotic plaque remain activated and do not polarize toward an antiinfl ammatory phenotype. It will be challenging to determine the molecular mechanisms of how oxLDL induces a proinfl ammatory character of cell death in order to identify potential targets for preventing chronic infl ammatory responses during atherosclerosis progression.
